Abstract: A robust front-end pre-filter incorporating non-quadratic signal processing techniques is proposed. We will demonstrate the effectiveness of this filter in suppressing impulsive noises in a coded direct sequence code-division multiple access (DS-CDMA) communication system. Based on M-Estimation approach, the pre-filter works by minimizing an appropriate penalty function in an iterative fashion with minimal increase in computational complexity of the system. With the use of this pre-filter in the system, performance enhancement in excess of 6 dB in non-Gaussian impulsive channels is demonstrated while maintaining comparable performance in Gaussian channel.
Introduction
Since the pioneering works by Giallorenzi et al. [1] , the communication community has witnessed increased interest in developing iterative multiuser detectors for CDMA systems employing channel coding. The benefit of a spread spectrum scheme can be fully exploited when it is combined with some form of forward error coding (FEC) in a coordinated manner. Structurally, in such systems the inner code is the concatenation of spreading codes with the multiple-access channel while the outer code, usually separated by an interleaver, is some channel code. At the receiver, soft information is exchanged iteratively between a soft-in soft-out (SISO) multiuser detector and SISO channel decoders to improve the error probability performance [2] .
Historically, the optimality criteria for these receivers are commonly formulated under the Gaussian noise assumption even though empirical studies on some important practical channels like deep-space, underwater acoustics and man-made noises are shown to be more accurately represented by nonGaussian impulsive noise statistics [3] . This simplistic assumption is adopted mostly out of convenience as the Gaussian condition is analytically tractable and yields closed-form solutions. Since the Gaussian optimality is based upon the reliability of second-order statistics, a slight deviation of the underlying noise statistics into non-Gaussianity will cause significant performance degradation for systems optimized under it because second-order statistics become mostly undefined in this situation. Consequently, it is expected that the iterative multiuser receiver performance in non-Gaussian impulsive channels will degrade. While substantial advancement can be seen in the aspect of reducing multiple access interference in these Gaussian systems [4] , little is known about the performance of iterative multiuser receivers in impulsive non-Gaussian noise channels and much less about the proper mitigation techniques that is associated with it.
In this paper, we propose a robust version of an existing iterative multiuser receiver by incorporating a non-quadratic signal processing technique called the M-Estimation method, borrowed from robust statistics [5] , into a pre-filter stage. Our method provides a simple yet effective solution to the problem at hand with minimal increase in computational complexity of the original system. The rest of the paper is organized as follows. Section 2 describes the system model of the DS-CDMA architecture. Section 3 describes the proposed robust pre-filter while Section 4 contains the simulation results. Finally, in Section 5 the concluding remarks are addressed.
System model
A bit and chip synchronized baseband DS-CDMA channel using BPSK modulation with equiprobable M information bits (b 
. The coded bit sequences are then interleaved and spread with the corresponding spreading code before being sent across the channel. Therefore, the received baseband signal is given by
where K is the maximum number of users and each kth user has amplitude A k . Furthermore, s k (t), having interval T, denotes the kth user normalized spreading code and is assumed to be N chips of rectangular waveforms
. Each chip has time interval of T c and T = NT c . The channel noise n(t) is modeled by a zero-mean symmetric α-stable (SαS) process. SαS distribution accurately models impulsive noise over a wide range of conditions and also includes Gaussian noise as one of its limiting cases [3] . The characteristic exponent, α (0 < α ≤ 2) and dispersion, γ (γ > 0) determines its impulsiveness and scale of distribution respectively. The received signal r(t) is processed by a chip-matched filter and sampled at the chip rate, giving a discrete signal of the cth chip for the ith coded bit as
where c = 1, 2, · · · , N. In matrix form,
where the N by 1 received signal matrix r = (r i c :
Proposed pre-filter M -Estimation method
To provide a robust pre-filtering stage, the maximum likelihood criterion is invoked to estimate the transmitted code bits d. We begin by defining the N by 1 residual noise matrix, r − Sy, as given below,
where y = (y i k : 1 ≤ k ≤ K) is the K by 1 estimated code bits. The elements of the residual noise matrix are passed in as the argument of a penalty function, Q, giving
The condition of the pre-filter is to choose the estimated code bits y in such a way as to minimize the summation of all the elements in Eq. (5), that is,ŷ = arg min
The solution to Eq. (6) is found by differentiating it with respect to all the elements in y and setting it to zero.
be the value to be minimized. Thus,
where ψ is the derivative of Q and ( · ) T is the transpose operator. Setting ∇J to zero, we have
where 0 is a K by 1 zero matrix. Interestingly, when the penalty function takes the form of Q(x) = 1 2 x 2 , it represents the least square (LS) estimator found commonly in Gaussian receivers. It is well known that the LS estimator is not immune to impulsive noise as the Euclidean distance, which the LS estimator is based upon, is only optimized for Gaussian condition and will be seriously compromised under non-Gaussian errors. Indeed, this lack of robustness to non-Gaussian phenomena is common in linear and quadratic type of signal processing procedures [5] .
To overcome this, we found that the logistic penalty function performs the task elegantly due to its saturating behavior at both extremities of its curve. This characteristic is ideal as it effectively remove outliers while letting small residual noise that is closely Gaussian to past through it. The logistic penalty functions is defined as
and its derivative is
where v is the cut-off value that determines the robustness against outliers. An iterative solution to Eq. (8) is found by transforming it to a difference equation through first-order discretization method employed in neural networks approach [6] since there is no closed-form solution for this form of penalty function. Thus, the iterative solution is given by
where y u is the estimated code bits after the uth iteration. When u = 0 (initial condition), we set all the elements in y 0 to zero by default. After the last iteration, the estimated code bits are passed to the subsequent SISO stages of the receiver to be further processed using the Maximum A-Posteriori (MAP) algorithm as described in [7] .
Simulation results
Throughout the simulation, recursive systematic convolution (RSC) code having code rate of 1 2 with constraint length 3 is used as the channel code. In the adopted SαS noise model, a smaller α simulates a more impulsive behavior while α = 2 gives the Gaussian noise condition. The cut-off value, v, is found to be optimally set at 2γ and seven iterations were used between the metric generator and decoder bank of the iterative multiuser receiver. For brevity, the robust iterative multiuser receiver with pre-filtering is shortened to PF while MR represents the iterative receiver proposed in [7] and is included here for comparison. Fig. 1 . Performance of the PF and the MR receivers under different impulsive noise conditions. Fig. 1 shows the performance of the PF receiver against the MR receiver in terms of bit error rate (BER). At α = 2 (Gaussian condition), both receivers perform comparably well. However, as α progresses from 1.9 to 1.7, it is found that the performance of the MR receiver degrades in the presence of impulsive noise. In fact, as the channel noise departs from Gaussianity into impulsive noise with α = 1.9, the MR receiver has to increase its signalling strength, E b /N 0 , to roughly double its original value to maintain a BER of 10 −3 . This means a higher power usage is required, translating into added cost. This apparent breakdown of the MR receiver operation is as expected as the noise is shifted into non-Gaussian regions. On the other hand, while it is observed that the PF receiver emulates a Gaussian receiver for small residual noises, it clearly outperforms the MR receiver as the channel becomes impulsive. In Fig. 1, a coding gain of approximately 6 dB is demonstrated for a BER of 10 −5 and α = 1.9. Larger coding gain is achievable when the channel becomes more impulsive as the PF receiver becomes more effective in suppressing heavy-tailed outliers with its non-quadratic approach.
The non-robustness of the MR receiver is largely contributed to the fact that its mechanism for delivering improved BER at each iteration is suppressed in the presence of impulsive noise. At the heart of its operation, the MR receiver utilizes the Euclidean distance as its decision criterion which performs poorly in impulsive noise. Consequently, the virtue of turbo processing in the MR receiver is rendered defenceless against the presence of outliers, contributing to its poor performance. Conversely, the PF receiver replaces the Euclidean metric with a more robust measure in the form of a logistic penalty function embedded into the pre-filter as described in Section 3 and acts as a counter-measure against the outliers. from the channel contaminated with impulsive noise of α = 1.7. In the MR receiver, these data are directly used in its iteration process, resulting in poor decision making of its final information bits due to the detrimental influence of large dynamics in the magnitude of the data. However, in the PF receiver, the data is removed from any impulsive elements before being processed at its iterative stages. This is illustrated in part (b) of Fig. 2 where the output from the proposed robust pre-filter is shown. Clearly, the set of data is much cleaner than that shown in part (a). With the impulsive elements minimized, the PF receiver is able to deliver improved BER at each iteration and thus, achieving better performance as compared to the MR receiver.
Conclusion
In this paper, a method for non-Gaussian impulsive noise suppression is presented and is implemented into a coded DS-CDMA communication system for robust multiuser detection and decoding. The proposed method consists of a robust pre-filter based upon M-Estimation technique employing a logistic penalty function. Decision is made such that the estimated data will minimize the chosen logistic penalty function. Simulation results have shown conclusively that the proposed robust pre-filter incorporated into the iterative multiuser receiver offers increased performance improvement over its Gaussian counterpart in non-Gaussian impulsive channels while maintaining comparable results in Gaussian condition.
